We isolated mutations that reduce plasmid stability in dividing cell populations and mapped these mutations to a previously undescribed gene, recD, that affects recombination frequency and consequently the formation of plasmid concatemers. Insertions of the transposable element TnlO into recD resulted in increased concatemerization and loss of pSC101 and ColEl-like replicons during nonselective growth. Both concatemer formation and plasmid instability in recD mutants require a functional recA gene. Mutations in recD are recessive to recD+ and map to a small region of the Escherichia coi chromosome located between recB and argA. Although the recD locus is distinct from loci encoding the two previously identified subunits of the RecBC enzyme, mutations in recD appear to affect the exonuclease activity of this enzyme.
The maintenance of plasmids as extrachromosomal elements in bacterial cells is dependent on a number of complex processes. Of primary importance is the requirement for plasmid replication, which commonly involves at least some host-encoded replication functions (see Scott [39] for a review). Replication of the pSC101 plasmid (7) requires the Escherichia coli dnaA gene product (21) . Mutations in other genes involved in chromosomal replication, including dnaB, dnaC, and dnaG (14, 22) , also affect replication of this plasmid. Stable maintenance of pSC101 in growing cell populations also requires a plasmid locus (named par for partitioning) that is involved in the distribution of plasmid molecules to daughter cells at the time of cell division (29, 45) . Earlier work has shown that the pSC101 par region does not encode a protein but instead includes partition-related segments (30) that appear to be necessary for plasmids in the intracellular pool to be counted and partitioned as individual molecules (45) . To better understand the mechanism by which pSC101 segregates during cell division, we undertook to identify and characterize E. coli genes encoding products involved in the plasmid maintenance (Pma) phenotype.
We report here the isolation and characterization of mutations that affect the stable maintenance of pSC101, as well as that of certain other plasmids. We present evidence that these mutations, which can alter plasmid stability by increasing the frequency of multimer formation and are located in a previously unidentified E. coli gene, affect the activity of exonuclease V (ExoV).
MATERIALS AND METHODS
Strains, media, and general methodology. Relevant bacterial genotypes, plasmids, and phages are listed in Table 1 . The media used for these studies have been previously described (31) . Minimal medium was M9 or M63 supplemented with 0.2% glucose (or another carbon source), 1 ,ug of thiamine per ml, and any required L-amino acids (Sigma Chemical Co.) at 40 ,ug/ml. Solid media contained 1.5% agar (Difco Laboratories) or 0.7% agar for soft agar overlays. Lactose indicator plates contained 40 ,ug of X-Gal (5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside; Boehringer Mannheim) per ml in minimal medium containing 0.5% * Corresponding author.
Casamino Acids (Difco). Antibiotics (Sigma) were used at the following concentrations: kanamycin sulfate, 50 pLg/ml; tetracycline hydrochloride, 10 Fg/ml; chloramphenicol, 20 ,ug/ml; streptomycin sulfate, 150 ,ug/ml; and carbenicillin, 300 ,ug/ml (used in place of ampicillin).
Procedures for routine manipulation of strains were as described by Miller (31) and Davis et al. (10) . Generalized transductions with P1 vir phage were carried out as described by Miller (31) , substituting 10 mM EGTA for sodium citrate. Lambda plate lysates were prepared by standard procedures (28) . Transformations of E. coli (8) were performed with cells made competent with CaCl2.
Isolation of TnlO insertions affecting maintenance of pSC101. Insertions of TnJO or mini-TnlO (mini-tet) insertions in the E. coli chromosome were isolated by transposition from defective A::TnlO transducing phages (X561, X1098 [ Table 1 ]) kindly supplied by Nancy Kleckner. Transpositions in strain DPB6 were isolated essentially as described by Way et al. (46) with the exception that sodium pyrophosphate was not used, since it appears to interfere with the X-Gal indicator. Prior to plating the X::TnlO-infected cells, unadsorbed phage was removed by three washes with L broth (LB) containing 20 mM sodium citrate. Platings were on M63 medium containing tetracyline, X-Gal, glucose, Casamino Acids, and 2 ,ug of FeSO4 per ml (required for optimal growth of this tonB mutant). Plates were incubated at 37°C for 2 to were distinguished from those that were recA+ by their sensitivity to UV light. Assay of plasmid stability. Maintenance of plasmids in host bacteria in the absence of selection was measured essentially as described by Meacock and Cohen (29) , except that the zero-generation time point was made by plating cell suspensions of colonies picked from selective plates, and colonies on LB plates were scored for the presence of a plasmid by replica plating to antibiotic-containing media.
Isolation and manipulation of plasmid DNA. Plasmid DNA was isolated by alkaline lysis of bacteria (28) and banded twice in ethidium bromide-CsCl gradients. For isolation of multimeric forms, uncut plasmid DNA was subjected to preparative agarose gel electrophoresis, and electroeluted multimers were used to transform PM191 (recA56). Plasmid DNA isolated from individual transformants served as the source of multimers.
Restriction enzymes and DNA-modifying enzymes were obtained from New England BioLabs or Bethesda Research Laboratories and used essentially as recommended by the manufacturers. Agarose gels contained 0.75 or 1% agarose in TBE (100 mM Tris-borate [pH 8.3], 2 mM EDTA) and were run at 6 to 10 V/cm. DNA fragments separated in agarose gels were visualized after staining with ethidium bromide (0.5 mg/ml). Southern blot hybridizations (40) were performed as described by Davis et al. (10) by using nicktranslated plasmid DNA as a probe.
The pSC101 derivative pZC1 was constructed from pDS101 (kindly provided by D. Stein), in which a 1.7-kilobase (kb) EcoRI fragment containing the lacI gene of E. coli (as well as lacOP and the 3' end of lacZ from pMC9 [32] ) was inserted into the EcoRI site of pSC101 (7) . We replaced an HindIII-HpaI fragment containing the tetracycline resistance gene of pDS101 with a 1.3-kb HindIII-SmaI fragment of TnS containing the neo gene encoding resistance to neomycin and kanamycin.
The pZC12 and pZC13 plasmids, which contain the E. coli recD gene, were constructed by subcloning a 3.5-kb PstI fragment of pCDK3 (13) into pBR325 DNA that had been cleaved with PstI and then treated with alkaline phosphatase. The 3.5-kb PstI fragment contains the region extending through the 3' end of recB into argA (see Dykstra et al. [13] for a physical and genetic map of this region of the chromosome). The identity of the PstI fragment was verified by restriction digests with PstI, PvuII, and PstI + SalI, and additionally by comparison with PstI-cleaved pCDK3::TnlOOO-59 (13), which contains a TnO000 insertion located between recB and argA. Plasmids pZC12 and pZC13 differ only in the orientation of insertion of the 3.5-kb PstI recD-containing fragment into pBR325.
Catenated and concatenated plasmid pA (3) species were distinguished by the high-resolution gel electrophoresis system described by Sundin and Varshavsky (42) . Catenation and decatenation of plasmids was performed with DNA gyrase (Bethesda Research Laboratories; isolated from Micrococcus luteus) under conditions described by Benjamin et al. (3) . After nicking the plasmids with DNase I (7.5 ,ug/ml) in the presence of 300 ,ug of ethidium bromide per ml, the DNAs were separated by electrophoresis for 3 days in a 30-cm, 0.8% agarose gel as described by Sundin and Varshavsky (42) at 1 V/cm. Transfer of DNA to nitrocellulose and hybridization with nick-translated pZC9 (pBR322::neo) DNA were performed to enhance visualization of faint bands.
RESULTS
Isolation of Pma-TnlO insertion mutants. To identify nonessential chromosomal genes affecting plasmid stability (i.e., the Pma phenotype), we used the transposable element TnlO as a mutagen. Insertions of TnJO or mini-TnlO into the chromosome were obtained after transposition of TnJO from defective X::TnlO phage. To detect mutants in which insertion of TnWO had inactivated a gene required for stable maintenance of pSC101, DPB6 was used as a recipient for TnWO transpositions. This strain contained a Kmr derivative of pSC101 (pZC1) in which the lacI gene of E. coli had been inserted. Its chromosome carries a deletion of the lacI gene, such that all the lac repressor present is encoded by the plasmid-borne gene. The plasmid-encoded lac repressor inhibits transcription of the chromosomal lacZYA operon, resulting in colonies that are white on X-Gal indicator plates. Loss of the plasmid during colony growth leads to production of blue sectors in an otherwise white colony. For the mutant search, TnlO transpositions were carried out on X-Gal plates, and colonies producing blue sectors were collected for characterization.
About 1 in 200 colonies containing a TnJO transposition was found to contain blue sectors. When DPB6 lacking TnWO was plated on X-Gal, spontaneously occurring blue-sectorcontaining colonies occurred at a frequency of about l0'.
Whereas most of the Lac' cells from blue sectors observed after TnWO mutagenesis resulted from spontaneous loss of the plasmid or from deletions that remove the lacI and neo genes (unpublished data), certain of the sector-containing colonies contained TnWO insertions in bacterial genes that affected the stability of pZC1. These were identified by transducing TnWO, using P1 phage grown on the mutants yielding sectored colonies, into nonmutagenized DPB6 and plating on tetracycline-containing X-Gal plates. Only strains in which TnWO affected a gene involved in plasmid maintenance produced Tcr transductant colonies having blue sectors. This test demonstrated linkage between the TnlO element in a mutant and the determinant affecting plasmid instability.
In one mutant hunt involving the screening of about 50,000 transposition events, 70 independent Lac' clones that were also kanamycin sensitive and tetracycline resistant were found. Of these, nine insertion mutants yielded instability of pZC1 (i.e., the Pma-phenotype) when transduced into DPB6. Characterization of the mutants obtained allowed them to be divided into several classes. One class, which included four of the nine TnWO insertion mutants, affected a single genetic locus that we originally termed pmaA but which, as will be discussed, was renamed recD; an additional insertion mutant in the same locus was subsequently isolated. These recD mutants are the subject of this study.
Other classes of TnWO insertion mutants that yielded a Pmaphenotype will be described elsewhere. Effect of recD::TnlO mutations on plasmid stability. recD mutants exhibited a moderate rate of plasmid loss as estimated by the number of sectors per colony grown on minimal agar plates containing X-Gal. Cells from blue sectors (i.e., Lac+ segregants) were Kms and lacked the pZC1 plasmid (data not shown).
During nonselective growth in LB, the pSC101 derivative, pZC1, showed only limited instability in recD mutants (e.g., recDl901::TnJO in DPB28 [ Fig. 1A] ). After 100 generations of growth, about 10%o of the cells in a culture had lost the plasmid. This relatively low rate of loss was not expected, given the degree of sector formation observed when DPB28 (AlacIS recDJ901::TnlO/pZC1) was plated on Casamino Acid-supplemented plates containing X-Gal. However, growth of DPB28 in supplemented liquid minimal media yielded a higher frequency of plasmid-free cells than growth in liquid LB (Fig. 1A , dashed line), explaining the observed discrepancy between the degree of sector formation observed on minimal plates and the slow rate of plasmid loss in LB-grown cultures. The media effects on plasmid stability observed in the particular genetic background of DPB18 (i.e., AlacIS)
were not studied further.
To determine whether mutation of recD results in instability of plasmids other than pSC101 (pZC1), we introduced the plasmid pBR322, pACYC184, pSC166 (a (Fig. 1B) . However, the observed rate of plasmid loss usually was greater in the MG1655 background. We have observed strain-dependent differences in the degree of plasmid instability conferred by recD mutations in other genetic backgrounds as well.
Formation of plasmid multimers in recD mutants. To investigate the molecular basis for the plasmid instability observed in recD mutants, we analyzed covalently closed circular plasmid DNA isolated from recD+ and recD::TnJO (recDI901 recD1903) strains. Agarose gel electrophoresis of DNA representing several different plasmids isolated from pooled transformants is shown in Fig. 2 . The plasmid DNA isolated from the recD strains showed a significantly greater fraction of multimeric species, and the presence of multimers was especially pronounced for ColEl-like plasmids which were very unstable in recD strains (compare lane A with lanes B and C and compare lane D with lanes E and F). Multimers of the pSC101 derivative (pZC1 [Fig. 2 , lanes G to LI) were also obtained in recD strains but less frequently than multimers of ColEl-like plasmids. Upon cleavage with a variety of restriction enzymes, plasmid DNA from recDl901 and recD+ strains appeared identical (data not shown), consistent with the interpretation that the highermolecular-weight DNA species did not result from sequence rearrangement.
To determine whether the DNA multimers formed in recD mutants were catenated or concatenated molecules, we used high-resolution gel electrophoresis as described by Sundin and Varshavsky (42) recA dependence of multimer formation. To determine whether the multimerization observed in recD strains requires the recA gene product, we introduced pZC1 or pBR322 into isogenic recA56 and recA+ derivatives of the recD+ and recDJ901::TnJO strains and plasmid stability was measured. The concurrent presence of the recA56 mutation eliminated the plasmid instability associated with recD901: :TnJO (Fig. 4A) . Moreover, plasmid DNA isolated from recA recD double mutants contained few concatemeric molecules ( Fig. 5; unpublished pBR322 derivative pRDK41 (11) and examined covalently closed circular plasmid DNA isolated from these transformants by agarose gel electrophoresis. A small amount of conversion of dimers to monomers occurred in the recD+ strain (Fig. 5, lane B) and at least as much dimer-tomonomer conversion occurred in recD1901 'or recDI903 strains (lanes C and D). In both instances the appearence of monomer species depended on a functional recA gene '(compare lanes B, C, and D with E, F, and G in Fig. 5) , consistent with the observed recA dependence of recD-promoted plasmid instability as described above. Additionally, this recA control demonstrated that the plasmid DNA monomers observed in the recD mutants had not resulted from transformation by rare monomeric plasmids present in the transforming DNA. (A) Effect of recA mutation on the stability of plasmids in a recD mutant. Plasmid pBR322 or pZC1 was transformed-into isogenic MG1655-derived strains, and the proportion of cells containing plasmid after growth in the absence of selection was determined. Symbols: *, recDI901 recA+ (DPB373)/pZC1; *, recDl901 recA+ (DPB373)/pBR322; *, recDI901 recA56 (DPB374)/pZC1 or pBR322; *, recD+ recA+ (DPB371)/pZC1 or pBR322; *, recD+ recA56 (DPB372)/pZC1 or pBR322. (B) Effect of recBC sbcA mutations on plasmid stability. Plasmid pBR322 or pZC1 was transformed into strain AB1157 and its derivatives JC5519 and JC8679, and plasmid stability was measured. Symbols: 0, recB+ recC22 sbcA23/pZC1; *, recB21 recC22 sbcA23/pBR322; *, recB21 recC+ sbcA+/pZC1 or pBR322; *, recB21 recC22 sbcA+/pZCl or pBR322.
Plasmid recombination in recD mutants. Since recD mutants contain a mechanism for converting plasmid multimers to monomers, we determined whether the concatemer excess observed in recD strains was associated with an increased rate of plasmid recombination. In a test described by Doherty et al. (11) found that these plasmids were not stably-maintained in the recB21 recC22 sbcA23 strain JC8679. Instability of pZC1 was relatively slight; however, rapid loss of pBR322 was observed, paralleling the effects we obseped with our recD strains. Plasmid DNA from pooled transformants of these strains was examined for the presence of concatemeric species. Multimers of pBR322 were greatly increased in the recB21 recC22 sbcA23 strain (Fig. 6 , lane C) relative to either of the sbcA+ strains (lanes A and B). Consistent with the comparatively slight instability observed for pZC1 in JC8679 (Fig.  4B ), pZC1 DNA isolated from this strain contained a comparatively small percentage of multimers (data not shown).
Ability of the Tn3 site-specific recombination system to stabilize plasmids in recD strains. The transposable element Tn3 is known to encode a site-specific recombinational system capable of resolving Tn3 cointegrate plasmid species into monomers (see Heffron [23] for a review). To determine whether accumulation of multimers in recD mutants could be reversed by the alternative resolution system encoded by Tn3 and whether such monomerization would accomplish the stable maintenance of plasmids, we performed the following experiment. Concatemeric dimer pA DNA was isolated from DPB267 (recD1901::TnlO). Plasmid pA (3) is a derivative of pBR322 containing the resolution site (res) of Tn3. The dimeric pA DNA was transformed into isogenic recD+ and recDI901: :TnlO strains that contained either pTU4 (44) or pZC8, a PTU4 derivative that carries a functional, resolvase-producing Tn3 element (i.e., pTU4::Tn3 blas). We then examined both plasmid stability and conversion of pA dimers to monomers. The presence of a complementing Tn3 element located on pZC8 completely stabilized pA dimers transformed into DPB395 (recD1901: :TnlOI pZC8) (less than 1% loss after 80 generations of nonselective growth). This effect depended on the presence of Tn3, as no (We found that dimer pA was stably inherited in recD+ and recDl901::TnlO recAl strains containing either pTU4 or pZC8.) Plasmid DNA isolated from these transformants was examined (Fig. 7) and found to contain pA monomer species in the Tn3-containing recipients but only dimers in the strains lacking Tn3. The recD1901::TnlO recA+/pTU4 strain (DPB399), which lacks Tn3, contained larger multimers in addition to dimers, indicating that Tn3 resolvase can act in trans on recD-promoted multimers containing the res site of Tn3 to both resolve and stabilize the plasmid in recDJ901 strains.
Map location of recD. The location of the recDl901::TnJO insertion was determined to be near 61 min on the E. coli chromosome by Hfr mapping experiments (data not shown). Phage P1 cotransduction studies with markers in this region established a very close linkage to argA. All five recD: :TnlO insertions showed similiar linkage to argA52 (90 to 98% cotransduction) and lysA22 (29 to 40% cotransduction). Located on the E. coli chromosome in this region are the recBC genes (15) , which encode subunits of ExoV (see Telander-Muskavitch and Linn [43] for a review). Whereas TnlO insertion mutations in recD resulted in altered recombination levels (Table 2) , the recD strains we isolated did not have the properties of recB or recC null mutaitions (i.e., abnormal sensitivity to UV light or a propensity for segregating inviable cells [4] ).
The recBC region of the chromosome has been well characterized both genetically and physically (13, 37) and is diagrammed in Fig. 8 . By Southern blot analysis (40) using cloned DNA from this region as a hybridization probe of restriction enzyme-digested chromosomal DNA from recD mutants or the wild type, we located the sites of the TnJO insertions that yielded the Pma-(RecD-) phenotype. The probe used was plasmid pCDK2 (13) , which included a 3-kb Sall insert containing the argA gene and a portion of the region between argA and recB. Digests of chromosomal DNA with PstI allowed localization of the TnJO insertions to a 3.5-kb PstI fragment spanning the region from the 3' end of the recB gene to the beginning of argA. Digests with Sall positioned the insert in DPB267 (recDl901::TnlO) to the argA-proximal SalI-PstI fragment, whereas the other four recD::mini-tet insertions must have been located on the
Resolution of pA dimers to monomers in recD strains in the presence of Tn3. Dimeric pA DNA was isolated from DPB267 (recDI901). On the left are indicated the positions of concatemeric pA species. oc, Relaxed circles; ccc, supercoiled circles. Lanes: A, monomer pA; B, dimer pA; C, pA from pooled DPB267 (recDI901) transformants; D, pZC8 (pTU4::Tn3b1as). (For the following, DNAs from two transformants of each strain were isolated by a rapid NaOH-sodium dodecyl sulfate lysis protocol [28] ; the DNAs were not CsCl banded.) Lanes: E to L, dimer pA transformed into MG1655-derived strains containing pZC8 (pTU4::Tn3blas): E and F, recD+ recA+ (DPB393); G and H, recD+ recAl (DPB394); I and J, recDI901 recA+ (DPB395); K and L, recDI901 recAl (DPB396); M, pTU4; N to U, dimer pA transformed into strains containing pTU4. Lanes: N and 0, recD+ recA+ (DPB397); P and Q, recD+ recAl (DPB398); R and S, recD1901 recA+ (DPB399); T and U, recDI901 recAl (DPB400). On the right are indicated the positions of monomer pTU4 species (oc and ccc) and chromosomal DNA (chr). PstI-SalI fragment proximal to recB (Fig. 8) . The insertions were not mapped more precisely within this interval; however, since none of the recD mutants we studied had phenotypes associated with recB or argA insertion mutations, we believe that all five of the mutations were located in the intercistronic region between recB and argA. No genes have previously been ascribed to this region, which is estimated from the map of Dykstra et al. (13) to have a maximum size of 1.5 kb.
Complementation studies. In conjunction with our mapping studies, we performed complementation tests for one recD mutation (recD1901: :TnJO). Plasmid pCDK2 (13) , which contains a 3.0-kb Sall fragment that includes the site on which recD1901: :TnlO is located, did not complement recD1901: :TnlO for stabilization of pZC1 maintenance. However, plasmid pCDK3, which carries an 18-kb BamHI fragment that partially overlapped the Sall fragment of pCDK2 and contained the entire thyA-to-argA segment, allowed stable maintenance of pZC1 in recDJ901::TnJO strains (i.e., no Lac' sector-containing colonies were produced). This finding localized rather precisely the site of the recD gene and further indicated that mutation recD1901::TnJO is recessive to the wild-type gene. To determine whether a gene separate from recB is located in the region in which we had localized the recD mutations, we subcloned the 3.5-kb PstI fragment on which all the recD TnJO insertions mapped into the PstI site of pBR325. The presence of this fragment in either orientation within the bla gene of pBR325 (yielding plasmid pZC12 or pZC13; see Materials and Methods) allowed stable maintenance of the coexisting plasmid pZC1 in recD1901: :TnJO strains. The PstI fragment contains only the terminal portion of the recB gene (not including the promoter for recB); moreover, neither of the plasmids carrying the fragment complemented either recB21 or argA52.
Evidence that recD mutants are defective in ExoV. Notwithstanding evidence that the gene identified as recD is distinct from the recB and recC genes, our finding that recD is located very near these known recombination genes and that recD mutants show altered recombination frequencies raised the possibility that a functional relationship exists between recD and the recBC genes or their product, ExoV. For this reason, we performed several tests of ExoV function in recD mutants. One of these utilized phage T4 gene 2 mutants, which are defective in a gene product that ordinarily protects the infected T4 ends from digestion by ExoV and thus fail to make plaques on recBC+ strains (35) . T42-mutants can form plaques on recBC strains which lack the exonuclease activity of RecBC (35) . Additionally, bacteriophage lambda mutants defective in red-mediated recombination and lacking the gam product (which functions to block RecBC exonuclease activity [25] ) make tiny plaques on recBC+ strains because conversion to rolling-circle replication does not take place (16) . On recA recBC+ strains, X red-gamphage fail to make plaques; since packageable dimer molecules are not formed and rolling-circle replication is blocked, production of lambda concatemers for packaging is prevented. In our experiments, all five recD::TnJO mutants (recD1901-1905) showed the same efficiency of plating of phage T42-as an isogenic recD+ strain, suggesting that ExoV was not active. Moreover, X red270 gam210 phage (XNK620) formed plaques on all five recD mutants whether or not a functional recA gene was present and with the same efficiency and appearance as on an isogenic recD+ strain.
DISCUSSION
We have described the isolation and characterization of a class of E. coli mutations affecting the maintenance of pSC101 and certain other plasmids in dividing populations of cells. The basis for the plasmid maintenance defect imposed by recD mutations appears to be an increased rate of formation of plasmid concatemers rather than a defect in resolution; this view is supported by evidence that multimers introduced into recD strains can be resolved as well as in recD+ strains and that plasmid recombination is increased in recD mutants. Earlier work has indicated that concatemer formation can also result from a defect in or loss of a plasmid-encoded resolution site, leading to failure to stably maintain some plasmids, including ColEl (41) , P1 (1), and Clo DF13 (20) . We speculate that either plasmid recombination in recD strains is primarily interplasmidic rather than intraplasmidic or, alternatively, that forward and backward interconversion of monomers and multimers occurs at similar frequencies but that, once formed, plasmid concatemers are quickly lost. Differences between intraplasmidic and interplasmidic recombination frequencies have been reported for recBC sbcA mutants (26) .
We do not know why some plasmids are more unstable than others in recD strains. Plasmids such as F, Ri, P1, and pSC101 encode partitioning systems that ensure the distribution of plasmid copies to each daughter cell at the time of division (la, 29, 33, 34) , mechanisms that accomplish selective killing of cells that do not inherit the plasmid (17a, 24), or both. These systems may in part counteract the effects of multimerization resulting from mutations in recD. Additionally, the most stably maintained plasmids (i.e., the large plasmids F and Rl) may contain site-specific recombination mechanisms for resolving concatemers in recD mutants; the F plasmid carries an insertion of -yb (9), a Tn3-like element that is able to catalyze recombination between directly repeated -yb elements (23) . Plasmid ColEl, which depends on monomerization to increase its copy number to a level at which it can be maintained stably in cells (41) , encodes a site (cer) involved in resolving multimers (41) and thus may have the capacity to partially reverse the effect of mutations in recD on plasmid multimerization. Such an effect might account for observations indicating that ColEl itself is less unstable than ColEl-related plasmids pBR322 and pACYC184, which lack a cer region. The degree of instability might also be affected by the mechanism by which the plasmid multimers are formed. If recD-promoted multimers are produced as a result of homologous recombination between plasmid copies in the cell, the frequency with which such recombination events take place may be influenced by the number and size of plasmid molecules available in the cell for recombination. Peterson et al. (36) have shown that the frequency of formation of plasmid cointegrates between NR1 and a compatible plasmid containing fragments of NR1 is dependent on the length of homology. However, we have not excluded the possibility that the observed concatemers are formed as a replicationrather than recombination-product in recD mutants. This possibility has been suggested by recent experiments of A. Cohen and A. J. Clark (6a) in which greater-than-unit-length, linear plasmid DNAs were observed in recBC strains. It has been postulated that these molecules result from rollingcircle plasmid replication that occurs in the absence of ExoV.
TnJO insertions in recD have been localized to a small region of the chromosome, between recB and argA. Results of complementation tests, mapping, and comparison of mutant phenotypes indicate that the recD gene is separate from recB. Furthermore, expression of recD occurs even in the absence of recB transcription. Chaudhury and Smith (5) have described a class of mutants called (recBCt) that exhibit many of the phenotypes we found for recD mutants. The recBCt mutations abolish the exonuclease activity of RecBC without yielding the other phenotypes associated with null mutations in recBC (i.e., decreased conjugational recombination proficiency, sensitivity to DNA-damaging agents, and segregation of inviable cells [4, 6] ). We tested our recD mutants by several in vivo tests of ExoV activity, including plating of X red-gam-phage and T42-phage. By these criteria, recD mutants lack ExoV activity. During the course of our studies on chromosomal mutations mapping near recB that result in the Pma-phenotype, we became aware of studies in progress by S. Amundsen, A. Taylor, A. M. Chaudhury, and G. R. Smith (Proc. Natl. Acad. Sci. USA, in press) which showed that some of the recBt mutations (5) actually affect a gene located between recB and argA. Strains with mutations in this gene lose RecBC exonuclease activity while retaining other RecBC activities (5) . Amundsen et al. (in press) have demonstrated that this gene encodes a third subunit of the RecBC enzyme that is required for the exonuclease activity of ExoV. The possibility of a third subunit had been suggested previously by the in vitro reconstitution experiments of Lieberman and Oishi (27) and by studies of purified ExoV by Dykstra et al. (12) . Our mutations affecting plasmid maintenance and the mutations described by Amundsen et al. (in press) almost certainly affect the same gene. To indicate the role this gene has in encoding a subunit of the recombination enzyme ExoV, they have suggested that it be called recD, a choice with which we concur. ExoV thus can alternatively be referred to as RecBCD enzyme.
The reason for plasmid instability in only some classes of recBCD mutants (recD and possibly recCt) is not understood. The finding that null mutations in recB or recC do not yield the Pma-phenotype is consistent with our failure to find recBC: :TnJO insertion mutations among the other Pmamutants we isolated. This suggests that two conditions must be met for plasmids to be made unstable by this mechanism. First, the RecBCD exonuclease must be inactive and, in addition, another activity of RecBCD (perhaps the helicase) must concurrently remain active (see Telander-Muskavitch and Linn [43] for a review of the activities associated with ExoV). A possibility consistent with these findings is that intermediate structures in plasmid recombination, produced as a result of unwinding by RecBCD and normally degraded by ExoV, are longer lived in recD mutants. The accumulation of such putative recombination intermediates might explain the higher recombination frequencies and consequently increased rate of concatemer formation observed in recD strains.
